Long-term memory relies on modulation of synaptic connections in response to experience. This plasticity involves trafficking of AMPA receptors (AMPAR) and alteration of spine morphology. Arc, a gene induced by synaptic activity, mediates the endocytosis of AMPA receptors and is required for both long-term and homeostatic plasticity. We found that Arc increases spine density and regulates spine morphology by increasing the proportion of thin spines. Furthermore, Arc specifically reduces surface GluR1 internalization at thin spines, and Arc mutants that fail to facilitate AMPAR endocytosis do not increase the proportion of thin spines, suggesting that Arc-mediated AMPAR endocytosis facilitates alterations in spine morphology. Thus, by linking spine morphology with AMPAR endocytosis, Arc balances synaptic downscaling with increased structural plasticity. Supporting this, loss of Arc in vivo leads to a significant decrease in the proportion of thin spines and an epileptic-like network hyperexcitability.
Long-term memory relies on modulation of synaptic connections in response to experience. This plasticity involves trafficking of AMPA receptors (AMPAR) and alteration of spine morphology. Arc, a gene induced by synaptic activity, mediates the endocytosis of AMPA receptors and is required for both long-term and homeostatic plasticity. We found that Arc increases spine density and regulates spine morphology by increasing the proportion of thin spines. Furthermore, Arc specifically reduces surface GluR1 internalization at thin spines, and Arc mutants that fail to facilitate AMPAR endocytosis do not increase the proportion of thin spines, suggesting that Arc-mediated AMPAR endocytosis facilitates alterations in spine morphology. Thus, by linking spine morphology with AMPAR endocytosis, Arc balances synaptic downscaling with increased structural plasticity. Supporting this, loss of Arc in vivo leads to a significant decrease in the proportion of thin spines and an epileptic-like network hyperexcitability.
plasticity | seizure | AMPA receptors F ormation of long-term memory relies on a neuron's ability to modulate synaptic connections in response to input it receives. This plasticity requires coordinated activity-dependent synthesis of specific mRNAs and proteins that facilitate molecular and structural changes at the synapse. Excitatory synapses are located at dendritic spines that receive glutamatergic presynaptic inputs (1) . Spines form a variety of shapes and sizes that correlate with their synaptic strength, motility, and structural plasticity (2) . For example, thin spines with small synapses are nicknamed "learning spines" because they are highly motile and likely to change shape in response to activity, whereas stubby and mushroom spines, also known as "memory spines," are less motile and more stable (2) (3) (4) .
How a neuron regulates the morphology of spines in response to activity remains unclear. Although much research has focused on cytoskeletal remodeling within spines, activity-dependent endosomal recycling also plays an important role in regulating spine size (5) . Specifically, exocytosis of GluR1 after long-term potentiation (LTP) is required to maintain spine enlargement (6) . Although long-term depression (LTD) leads to both AMPA receptor (AMPAR) internalization and reduction in spine size (7) (8) (9) , it is not known whether endocytosis of AMPARs is required for the reduction in spine size.
An activity-regulated cytoskeleton-associated protein (Arc) is an ideal candidate for regulating spine morphology. Its expression is tightly regulated by neuronal activity (10, 11) , and its RNA and protein are localized to dendrites and spines after activity (12) (13) (14) (15) . Furthermore, Arc induction is required for late LTP and memory consolidation (16) (17) (18) , as well as LTP-induced cofilin phosphorylation and F-actin stabilization (17) . Finally, Arc facilitates endocytosis of AMPARs through its interaction with endocytic proteins endophilin 3 and dynamin 2 (19, 20) and, in doing so, is critical for LTD (21, 22) and homeostatic plasticity (23) .
Here, we investigated the role of Arc in regulating spine morphology. We report that Arc significantly increases spine density and the proportion of thin "plastic" spines. Furthermore, an Arc mutant unable to interact with endophilin 3 did not alter spine morphology, suggesting that Arc plays a novel role in linking activity-dependent receptor endocytosis with reduction in spine size. This coordinated mechanism ultimately increases the potential for plasticity through addition of thin spines and decreases synaptic efficacy by reducing surface GluR1. Such changes in spine morphology fit well with the net effect of homeostatic plasticity: stabilization of activity while maintaining relative changes in synaptic strength. Supporting this, Arc −/− mice had fewer thin spines and more mushroom spines, as well as aberrant spontaneous cortical network discharge activity, highly associated with epilepsy.
Results

Arc Expression Alters Spine Morphology to Favor Thin Spines and
Filopodia. To determine whether Arc is sufficient to alter spine density and/or morphology, we sought to mimic the strong induction of Arc after activity by exogenously expressing it in mature [18-19 d in vitro (DIV)], medium density, primary hippocampal cultures. In this system, exogenously expressed Arc localizes to dendritic spines and colocalizes with actin enriched in spines (Fig.  1A) , similar to Arc in vivo (14, 15) . Changes in spine morphology and density were visualized by using GFP as a morphology and transfection marker. Fixed neurons expressing GFP and cotransfected with Arc or a control vector were imaged by confocal microscopy (Fig. 1B) .
Neurons overexpressing Arc showed a small but significant increase in spine density (Fig. 1C) , and the spines were significantly thinner than those of neurons transfected with GFP alone (Fig.  1D) . No change in spine length was observed. To determine whether Arc expression altered the distribution of spine type, we categorized spines into stubby, thin, mushroom, and filopodia (Material and Methods) and calculated the percentage of each spine type per dendrite. We found that Arc overexpression increased the percentage of thin spines and filopodia and decreased the percentage of stubby spines (Fig. 1E) . The percentage of mushroom spines was unaffected.
Arc Specifically Alters GluR1 Surface Localization at Thin Spines.
Previous work showed that Arc regulates AMPA receptor endocytosis through its interaction with endophilin 3 and dynamin 2 (19, 20) . Given this, we wondered whether the effect of Arc on spine morphology depended on the ability of Arc to mediate AMPAR endocytosis. To test this, we used a mutant of Arc: Arc Δ91-100. Amino acids 91-100 of Arc interact with endophilin 3, a component of the clathrin-coated vesicle endocytosis machinery, and Arc Δ91-100 localizes to dendrites (Fig. S1 ) but fails to induce AMPAR endocytosis (19) . If Arc-mediated AMPAR endocytosis is required for the alterations in spine morphology, overexpression of Arc Δ91-100 should not affect spine morphology. Indeed, unlike Arc, overexpressing Arc Δ91-100 resulted in the same distribution of spine morphologies as control ( Fig. 2A) .
Because any given deletion can have unwanted effects, we tested another version of Arc with a completely different deletion (Arc Δ195-214). Arc Δ195-214 does not bind dynamin and thus cannot mediate AMPAR endocytosis. Overexpression of Arc Δ195-214 had the opposite effect of Arc overexpression. It significantly decreased the percentage of thin spines and increased the percentage of mushroom spines, compared with control ( Fig.  2B and Fig. S1 ). One possible explanation for the decrease in thin spines is that this mutant could be acting as a dominant negative, blocking the effects of endogenous Arc in maintaining thin spines. Importantly, in two independent examples, a deletion in Arc that disrupts its ability to mediate AMPAR endocytosis also disrupts the ability of Arc to promote thin spine formation, suggesting these functions of Arc are linked.
Nevertheless, from these experiments alone, it remained possible that these deletions might also abrogate interactions between Arc and other unknown proteins that regulate spine structure independently of AMPAR endocytosis. So, we directly tested whether Arc expression would affect internalization of AMPARs at specific spine types. If Arc links surface expression of AMPARs with spine morphology, we hypothesized that Arc expression would specifically reduce surface AMPARs at thin spines. We performed an antibody-feeding assay (Material and Methods) and quantified the degree of GluR1 internalization at each spine type in live neurons expressing Arc or a control vector. Arc significantly and specifically increased GluR1 endocytosis at thin spines (Fig. 2C) . Furthermore, surface staining of GluR1 on transfected cultured hippocampal neurons showed that Arc overexpression reduced the percentage of spines with surface (C) Arc expression leads to an increase in the ratio of internal-to-total GluR1 at thin spines. t test, ***P = 0.0001. More than 100 spines of each type over three experiments per condition were analyzed. An example of internal and external surface staining is shown to the right. (D) Arc expression decreases the percentage of spines with surface GluR1. t test, *P = 0.01 (E) Surface GluR1 is specifically decreased in thin spines. t test, **P = 0.0024. More than 3,500 spines from 26 to 27 cells were analyzed per condition over five experiments. (F) Arc Δ91-100 expression does not reduce GluR1 surface expression at thin spines. (Scale bar, 5 μm.)
GluR1 puncta, and this reduction in GluR1 puncta was specific to thin spines (Fig. 2 D and E and Fig. S2 ). Surface staining of GluR2 was not reduced in any spine type (Fig. S3) . Finally, Arc Δ91-100 did not alter GluR1 surface expression at thin spines (Fig. 2F) . These data support a role for Arc in regulating spine morphology through AMPAR endocytosis. To confirm both the specificity and the in vivo significance of the above findings, we analyzed spine densities and morphologies from brains of adult mice lacking Arc (24) (Fig. 3A) . In agreement with our primary culture data, morphometric analysis of Golgi-Cox stains confirmed that both CA1 pyramidal neurons and DG cells lacking Arc had increased spine width and decreased proportion of thin spines (Fig. 3 B-D) . Furthermore, Arc −/− mice also had significantly lower spine densities in both CA1 and DG cells (Fig. 3E) . Loss of Arc in vivo did not alter the proportion of stubby spines, as was observed in vitro, but rather increased the percentage of mushroom spines (Fig. 3D) . This difference could reflect the different spine distribution patterns observed in vivo and in cultured hippocampal neurons, or differences in neuronal activity between the two systems. Hippocampal neurons in vivo had more mushroom spines and fewer stubby spines than in culture ( Fig. 1E and Fig. 3D ).
Arc
−/− Mice Exhibit Aberrant NPY Expression and Network Hyperexcitability. Arc is thought to mediate homeostatic plasticity through endocytosis of AMPARs. Specifically, after strong bouts of synaptic activity, Arc induction facilitates downward scaling of synapses by reducing surface GluR1 levels (23) . Our data support this model by demonstrating that Arc expression reduces the size of dendritic spines and specifically reduces GluR1 surface expression at thin spines. Homeostatic plasticity is believed to be important for regulating network activity in response to excessive neuronal discharge, such as a seizure. Loss of such a negative feedback loop could lead to an epileptic-like state and associated spine loss (25) . Indeed, several other activity-induced genes, whose protein products localize to dendrites and affect AMPAR endocytosis or spine morphology, have been implicated in regulating network excitability (26) (27) (28) .
To examine this hypothesis, we asked whether mice lacking Arc were more susceptible to convulsant drugs. Mice were given an i.p. injection of either kainate or saline to induce seizure activity and chronic epilepsy and were examined for granule cell NPY expression. In both human and animal models of chronic hippocampal epilepsy, neuropeptide Y (NPY) expression is transiently increased and ectopically expressed in mossy fibers, the axons of DG cells (29, 30) . To our surprise, saline-injected Arc −/− mice showed strong NPY expression (Fig. 4A) , suggesting that the hippocampal network in these mice is hyperexcitable even under normal conditions. We found a dose-dependent effect of Arc expression on ectopic NPY expression. Five of 10 Arc −/− mice (50%) showed aberrant NPY expression, and interestingly, two of 12 Arc +/− mice (16%) also showed aberrant NPY expression (Fig.  4B) . None of the WT mice showed aberrant NPY expression. Aberrant neuronal activity or epileptic activity has also been associated with calcium dysregulation and depletion of the calcium buffer calbindin-D28K in the dentate gyrus of rats (31) and humans (32, 33) . Arc −/− mice also had lower dentate gyrus calbindin levels than controls (Fig. S4) . Furthermore, levels of calbindin negatively correlated with levels of NPY in the mossy fibers and molecular layer of the DG (Fig. S4) . These data indicate that loss of Arc expression in vivo leads to significant alterations in protein expression indicative of aberrant neuronal overexcitation.
Next, we determined whether Arc −/− mice are more susceptible to seizures in response to systemic challenge with pentylenetetrazol (PTZ). On the first day, mice were given a single dose of 30 mg/kg of PTZ intraperitoneally and observed for 20 min. No difference in latency or seizure severity was observed after this first dose of PTZ. On the following day, the same mice were given two consecutive doses of 30 mg/kg PTZ, 6 h apart. After the final dose of PTZ, Arc −/− mice showed significantly shorter seizure latencies and increased seizure severity (Fig. 4 C and D) 2 Arc +/− , and 2 Arc +/+ ) over 1 mo with a digital video-EEG system (SI Material and Methods). The background cortical activity recorded in freely behaving Arc +/− and Arc −/− mice showed a frequent (3-181 spikes/h), generalized pattern of sharp, synchronous epileptiform discharges (which were never seen in WT littermates) without concurrent behavioral manifestations (Fig.  4E) . Aberrant network discharges were observed in all mutant genotypes, and although there was a wide range of discharge frequencies, no significant difference was observed in mean discharge frequencies between Arc −/− (71/h ± 80) and Arc
(69/h ± 70) mice. Despite the abundant abnormal cortical hyperexcitability, no spontaneous cortical seizures were seen during the recording period. However, we did observe one Arc +/− mouse having a convulsive seizure under normal housing conditions. As expected, 2 h after the onset of the seizure, protein expression of c-Fos, a commonly used marker of synaptic activity, was highly up-regulated in the hippocampus of this animal (Fig. S5 ).
Discussion
In this study, we demonstrated that Arc is important for regulating dendritic spine morphology in vitro and in vivo. Furthermore, our data suggest that Arc links structural and functional plasticity by altering spine morphology through AMPAR endocytosis. Arc expression balances reduction in synaptic strength (20) with increased structural plasticity by increasing the proportion of thin spines. In agreement with this finding, we show that loss of Arc in vivo leads to network hyperexcitability, supporting the role of Arc in homeostatic plasticity and demonstrating Arc's importance in preventing aberrant network activity, such as epilepsy.
Arc Modulates Spine Morphology. Dendritic spine size is a critical determinant of activity-dependent plasticity. Specifically, thinner spines, nicknamed "learning spines" are more motile, are more transient, and have greater capacity to enlarge and stabilize after LTP. Large spines, nicknamed "memory spines," are stable and less likely to change structure in response to activity (34) (35) (36) . By increasing the proportion of learning spines, Arc expression may enhance a neuron's ability to form new synapses and to respond to changes in activity. Recent studies in brain slices and in vivo demonstrate that synaptic activity leads to selective spine turnover by stabilizing active spines and replacing inactive spines with new ones (37) . Similar to what we have observed with Arc overexpression, these new spines are often thin, suggesting that Arc expression facilitates this selective turnover. Age-related reduction in thin spines has also been observed in rhesus monkeys, with cognitive performance inversely proportional to thin spine volume (38) . Although synaptic activity does not affect Arc-mediated AMPAR endocytosis (20) , activity could regulate the location of Arc's effects. Thus, it would be useful to investigate Arc-mediated changes in spine morphology in the presence or absence of synaptic activity.
Further investigation of the mechanism of Arc's effect on spine morphology showed that versions of Arc incompetent for endocytosis are incapable of increasing the proportion of thin spines. Thus, endosomal receptor recycling may bidirectionally affect spine morphology and synaptic strength. Specifically, an Arc mutant unable interact with endophilin 3 had no affect on spine morphology, and Arc expression specifically increased GluR1 internalization and decreased surface expression at thin spines. These findings highlight Arc as a coregulator of spine morphology and synaptic transmission. Surface expression of AMPARs is tightly linked to spine size; large spines contain many AMPARs, and thin spines contain few AMPARs. Local exocytosis of recycling endosomes has been implicated as a mechanism for activitydependent spine enlargement (5), and insertion of GluR1 into synapses is required for stable spine enlargement after LTP (6) . The specificity of Arc-mediated GluR1 internalization to thin spines suggests that GluR1 endocytosis could mechanistically play a role in reducing the size of spine heads. Alternatively, GluR1 recycling may be important for maintaining thin spines, rather than reducing size. It is also possible that these two functions are distinct. Future studies that follow Arc-expressing or Arc-lacking spines over time will be useful in teasing these mechanisms apart.
Although deleting Arc's endophilin-binding domain (Arc Δ91-100) blocked Arc-mediated increases in thin spines, deleting the dynamin-binding domain (Arc Δ195-214) led to fewer thin spines and more mushroom spines than in controls. In the Arcendophilin-dynamin complex, dynamin is thought to interact with endophilin's SH3 domain (19) . One possible explanation for the Arc Δ195-214 effect on mushroom spines is that removal of dynamin frees the endophilin SH3 domain to bind other proteins. One such SH3 binding partner is the actin-nucleating factor neural-Wiskott-Aldrich syndrome protein (N-WASP), which could enlarge spines through Arp2/3 activation.
Arc reduces surface expression of both GluR1 and GluR2 (19, 20) . However, in our culture system, GluR2 surface expression was not specifically reduced in thin spines, suggesting that Arcmediated endocytosis of GluR1, not GluR2, regulates spine morphology.
Arc and Synaptic Plasticity. Arc has been implicated in LTD and LTP plasticity paradigms as well as homeostatic plasticity (18, (21) (22) (23) . How Arc facilitates such opposing forms of plasticity has largely remained unanswered. Our data support the role of Arc in LTD through endocytosis of AMPARs and reduction of spine size. However, it is still unclear how Arc facilitates LTP maintenance. Later phases of LTP are associated with new spine formation (37). Messaoudi et al. (17) showed that knockdown of Arc 2 h after high-frequency stimulation blocks LTP-induced F-actin polymerization and induces dephosphorylation of hyperphosphorylated cofilin, a regulator of actin polymerization, indicating that Arc facilitates actin reorganization at spines. We demonstrated that Arc expression in cultures increases spine density and that loss of Arc in vivo decreases spine density.
Our observation of decreased spine density in Arc −/− mice apparently conflicts with a previous study (18) , which reported no significant difference in spine density due to Arc loss. In our study, spines from 14 dendrites from three mice per genotype were imaged after Golgi staining of whole brains, whereas Plath et al. imaged three biocytin-injected CA1 pyramidal neurons from knockout hippocampal slices. A statistically significant decrease in spine density might have been observed by Plath et al. if more spines had been measured or if whole brains had been used (39) . The mice we used showed memory deficits similar to those used by Plath et al. (Fig. S6) ; however, differences in genetic background might also be relevant.
The role of Arc in homeostatic plasticity may also be critical for LTP expression and memory consolidation. Arc-mediated changes in spine morphology and receptor content could act to prevent saturation of LTP. In support, unrestrained epileptiform activity can prevent LTP expression (28) and interfere with memory consolidation (40) (41) (42) . However, transient hippocampal reduction of Arc in WT mice blocks late LTP and memory consolidation. This indicates that the deficits in late LTP and memory consolidation in the Arc −/− mice are likely directly due to Arc loss rather than long-term compensatory network alterations.
Is Arc-Mediated Homeostasis Antiepileptogenic? Seizure activity is characterized by highly synchronized, high-frequency activation of neurons caused by the imbalance of excitatory and inhibitory circuits. These abnormally high levels of activity often result in longlasting synaptic changes and excitotoxicity that can increase hyperexcitability in the system and cause the recurrent seizure activity that defines epilepsy. Seizures alter the expression of many genes whose downstream products change neuronal function and synaptic efficacy. In fact, Arc was originally discovered as a gene highly induced by seizures (12) . Genes up-regulated after seizure may also act in a negative feedback loop, preventing further activity and inhibiting epileptogenesis.
We found that genetic disruption of Arc expression leads to histological alterations observed in epileptic models. We suggest that loss of Arc reduces homeostatic capacity, leading to network hyperexcitability and ultimately epilepsy. However, only 50% of Arc −/− mice exhibited molecular alterations characteristic of severe epilepsy. The likely explanation for this is that seizures are infrequent in the mutant mice. In fact, despite the presence of relatively abundant hypersynchronous discharges, we witnessed no spontaneous seizures during the prolonged EEG monitoring period. However, one Arc +/− mouse had a convulsive seizure, and several Arc +/− mice developed aberrant NPY expression. As in previous reports (24) , Arc expression is reduced by only 30% in Arc +/− mice (Fig. S7) . One explanation for the higher expression is the increased neural network activity observed in these mice. Given these findings, memory and plasticity phenotypes in both knockout and heterozygote mice should be re-evaluated in the context of this underlying hyperexcitability.
Recent work in murine models of Alzheimer's disease shows that hAPP-J20 mice also have aberrant excitatory neuronal activity and exhibit similar alterations in NPY and calbindin expression (43) . Furthermore, hAPP-J20 mice display significantly lower levels of Arc in the DG than nontransgenics (44) , and lower levels of immediate early genes, such as c-fos and Arc, are tightly coupled to cognitive deficits (45) . In these mice, levels of Arc also correlate extremely well with NPY alterations, calbindin expression, and seizure severity. Like Arc −/− mice, murine models of Alzheimer's disease have decreased spine density, impaired LTP and LTD (46, 47) , and memory deficits. Such correlations raise the provocative possibility that lower basal Arc expression in hAPP-J20 mice plays a critical role, mediating their epileptic activity and memory deficits.
In conclusion, we show that Arc is critical in regulating spine and synapse morphology. By integrating AMPAR endocytosis with spine size, Arc balances the downscaling of synapses with increased morphological plasticity. We suggest that this dual role allows Arc to facilitate both homeostatic and Hebbian plasticity. Understanding how hypersynchronous network activity affects Hebbian plasticity and memory consolidation in Arc −/− mice should give additional insight into the relationship between homeostatic scaling, LTP, and LTD.
Materials and Methods
Mice. We studied 4-to 9-mo-old Arc-d2EGFP knock-in mice (24) (C57/BL6 strain), which contain d2EGFP, followed by a Neo cassette inserted after the Arc ATG start codon. For harvesting of brain tissue, mice were deeply anesthetized and flush perfused transcardially with phosphate buffer. Hemibrains were drop-fixed in 4% phosphate-buffered paraformaldehyde. All experiments were approved by the Institutional Animal Care and Use Committee of the University of California, San Francisco.
Immunostaining. For Arc staining, a polyclonal antibody was made. Recombinant Arc protein for immunization was expressed and purified as previously described (12) . Rabbit immunization and antibody purification was performed through Invitrogen. For surface AMPAR staining, transfected neurons were incubated with N-terminal GluR1 antibody (rabbit, Calbiochem; 1:40) or N-terminal GluR2 antibody (mouse, Chemicon; 1:300) for 45 min and then fixed with 4% PFA/4% sucrose. Coverslips were blocked in PBS with 3% donkey serum and 3% BSA for 1 h and incubated with fluorescent secondary antibody (Alexa donkey 647, 1:200) for 1 h. For synapsin I (rabbit, Chemicon; 1:3,000) staining, neurons were fixed and permeabilized in 0.1% Triton X-100 in PBS for 15 min. Cells were blocked as above and incubated with primary antibody overnight at 4°C, followed by fluorescent secondary antibody incubation and mounting.
Antibody-Feeding Assay. Transfected hippocampal neurons at 20-21 DIV were incubated with GluR1 antibody (rabbit, Calbiochem; 1:40) for 10 min. Any unbound antibody was then removed with two washes of Neurobasal (Invitrogen) medium, and the neurons were incubated an additional 15 min in this medium. The neurons were fixed with 4% PFA/4% sucrose and incubated with saturating Alexa donkey 555 secondary antibody (1:100) for 1 h to stain surface GluR1. The neurons were then permeabilized with 0.5% Triton X-100 in PBS for 15 min, followed by incubation with Alexa donkey 647 to stain internalized GluR1.
Microscopy and Image Analysis. Images of primary hippocampal cultures were acquired with a LSM510 confocal microscope system (Zeiss) and a 63× oil immersion lens (1,024 × 1,024 pixels). Each image consisted of a stack of images taken through the z-plane of the cell. Confocal microscope settings were kept the same for all scans in each experiment. Healthy, pyramidal-like neurons expressing the cotransfection and morphology marker GFP were chosen randomly for quantification from three coverslips from three to four independent experiments for each construct. Spines on primary and secondary dendrites (>75% of dendrites were secondary with no significant difference between conditions) were analyzed and no tertiary dendrites were included. For spine size, the maximal length and head width were measured manually with Metamorph (Universal Imaging). Each spine was categorized as having or not having a neck. Spines with necks were separated into thin and mushroom spines based on head width. Spines with heads less than the average width (1 μm for GFP images, 0.75 μm for Golgi staining) were categorized as thin, and those with heads greater than the average width were categorized as mushroom. Filopodia were protrusions greater than 1.5 μm in length without a neck. The investigator was blinded to experimental conditions during both image acquisition and morphometric analysis for both culture and Golgi-stained tissue analysis. Golgi-stained sections were imaged under brightfield illumination on a Nikon Eclipse TE2000-E microscope with a 60× oil immersion objective. Next, 10-μm spaced Z stacks were collected, and spine length, and width were measured in the appropriate focal plane as above using Metamorph. For internalization assays, regions were drawn around individual spine heads and the ratio of internalized over total (surface + internalized) average GluR1 fluorescence intensity was calculated for each spine. Ratios were normalized to the average control ratio for each spine type within experiments.
